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Abstract
Physics from beyond the Standard Model, such as leptoquarks, can induce four fermion operators involving
a quark, an anti-quark, a lepton and an anti-lepton. We update the (flavour-dependent) constraints on the
coefficients of such interactions, arising from collider searches for contact interactions, meson decays and
other rare processes. We then make naive estimates for the magnitude of the coefficients, as could arise in
texture models or from inverse hierarchies in the kinetic term coefficients. These “expectations” suggest
that rare Kaon decays could be a good place to look for such operators.
1 Introduction
Various arguments, such as the “hierarchy problem” and the existance of Dark Matter, suggest New Physics
(NP) with a mass scale mNP >∼ G−1/2F . The new interactions could manifest themselves, at energies below
mNP , as small deviations from expected Standard Model rates, or as new processes, absent in the Standard
Model (SM). If mNP is accessible to the LHC, the new particles could be discovered soon.
To identify New Physics produced at colliders, it helps to have input from low energy precision experiments.
For instance, GF and αem were important inputs for the electroweak fit to LEP data. In flavour physics,
precision low energy experiments searching for suppressed or forbidden SM modes, are sensitive to New Physics
scales≫ TeV. These bounds can be compatible with TeV mass NP, provided there is some “similarity” between
the flavoured interactions of the new particles and of the SM (such as Minimal Flavour Violation [1, 2]). It
is therefore interesting to study the interplay between flavour and high energy experiments, both current and
future, as was recently done in the series of workshops ”Flavour in the era of the LHC”[3].
Contact interactions[4] involving two quarks and two leptons are particularly relevant because the LHC
can have qq¯ in the initial state. This paper compiles bounds on the coefficients of four fermion interactions
involving a quark, an anti-quark, a lepton and an anti-lepton. These will be refered to as “two quark, two
lepton” interactions in the following. The coefficients are assumed to be flavour-dependent, and the bounds are
set assuming the presence of one interaction, of given flavour indices, at a time. An update of these constraints
is timely, to take into account the improved limits from B factories.
We consider four fermion interactions which are induced by dimension six gauge invariant operators. The
bound on the coefficient of a particular gauge invariant operator can be obtained by consulting the tables of
bounds on all the four fermion interactions it induces, and selecting the most stringent one. We present bounds
on the coefficients of (non gauge-invariant) four fermion interactions, rather than of gauge invariant operators,
to allow constraints to be extracted for an arbitrary basis of gauge invariant operators. This is an artifact of
setting bounds by allowing one interaction at a time; we could constrain gauge invariant operators if we fit
simultaneously to all the coefficients.
Various processes can constrain a given four fermion interaction. We attempt to find the best bound on
each coefficient, and list it in tables 3 - 13. In the case of SM-allowed processes which are observed, the bound is
obtained by requiring that the SM-New Physics interference contribute less than 2σ. In the case of unobserved
decay rates, the New Physics is bounded to contribute below the 90% confidance level experimental limit. The
bounds should be correct at the factor of two level, but not to the two significant figures quoted.
The limits compiled here are mostly obtained from observables to which the two quark two lepton in-
teractions contribute at tree level: contact interaction searches at colliders [5, 6, 7], and various low energy
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processes which are rare or suppressed in the Standard Model : leptonic and semi-leptonic meson decays [11],
semi-leptonic τ decays [11], and µ− e conversion [12]. The four fermion operators can also contribute in loops,
for instance one obtains a penguin by closing two legs and attaching a gauge boson. However, such loop bounds
depend on the New Physics inducing the contact interaction, as discussed in section 4.2. So we only include
estimated bounds from Z decay observables at LEP1 [13], because these were the only constraints we could
find on some higher generation operators.
Constraints have previously been compiled1, on two quark and two lepton contact interactions [14, 15, 16,
17, 18, 19, 20, 21, 22, 23, 24, 25] as could arise in strongly coupled models, and in other New Physics scenarios
such as leptoquarks [26, 27, 28, 29, 30, 31, 32] and Z ′s [24, 33, 34, 35, 36]. As reviewed in section 2, the
most natural basis of four fermion operators depends somewhat on the New Physics scenario. Following the
lepton chapter of the CERN Workshop report [15] (which gives bounds on contact interactions involving four
leptons, and on some two lepton and two quark interactions), we use operators where the leptons and quarks
are contracted, in most cases, among themselves.
Meson factories, such as Belle and NA62 [37], will be studying rare decays with great precision in the
upcoming years. They could search, for instance, for lepton flavour changing but generation diagonal decays
such as K+ → π+µ±e∓ or B+ → K+τ±µ∓, which would be “natural” for leptoquarks with generation
diagonal couplings. It would be useful to have some phenomenologically motivated “expectations” for whether
NP should appear in second or third generation rare decays. So in the last section of this paper, we estimate the
coefficients of the two-quark, two-lepton operators in the Cheng-Sher ansa¨tz [38] for dimensionless flavoured
coupling constants, λij ∼ √yiyj , where yi, yj are the Yukawa couplings of SM fermions i and j. This predicts
the relative rates of different processes, which allows to compare the sensitivity of different processes to the
underlying New Physics mass scale.
2 Operator Basis in the Effective Lagrangian
There are a large number of gauge invariant two quark two lepton operators at dimension six, not all of
which are independent from each other: equations of motion give relations between operators, and Fiertz
transformations rearrange the Lorentz contractions. In this section, we review the four fermion operator basis
of [15], and discuss the relation to the (non gauge invariant) four fermion interactions on which we quote
bounds.
If New Physics is present at the scale mNP , it can be added in the SM as terms in an effective Lagrangian
LSMeff , which can be written, at energies below mNP as an expansion in 1/mNP :
LSMeff = L0 +
1
mNP
L1 + 1
m2NP
L2 + 1
m3NP
L3 + · · · (1)
where L0 is the renormalizable SM Lagrangian, and the Ln contain dimension d = 4+n operators, constructed
out of Standard Model fields, and invariant under the SM SU(3)× SU(2)× U(1) gauge symmetry.
The SM fermions are written as:
qi =
(
uLi
dLi
)
, ℓi =
(
νLi
eLi
)
uRi, dRi, eRi (2)
where i is the family/generation index. (Notice that, in what follows, ℓ stands for the lepton doublet, and l for
any charged lepton.) Then the basis of operators used in [15] for the dimension six L2 contains the V±A two
lepton-two quark operators:
Oijkn(1)ℓq =
(
ℓ¯iγ
µPLℓj
)
(q¯kγµPLqn) , (3)
= (ν¯iγ
µνj + e¯iγ
µPLej)
(
u¯kγµPLun + d¯kγµPLdn
)
, (4)
Oijkn(3)ℓq =
(
ℓ¯iτ
IγµPLℓj
) (
q¯kτ
IγµPLqn
)
,
Oijkneq = (e¯iγµPRej) (q¯kγµPLqn) ,
Oijkned = (e¯iγµPRej)
(
d¯kγµPRdn
)
,
Oijkneu = (e¯iγµPRej) (u¯kγµPRun) ,
1For additional pre-1995 references, see the references of [28]
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Oijknℓu =
(
ℓ¯iγ
µPLℓj
)
(u¯kγµPRun)
Oijknld =
(
ℓ¯iγ
µPLℓj
) (
d¯kγµPRdn
)
(5)
where the Lorentz, colour and SU(2) are contractions are implicit within the parentheses, τI are the Pauli
matrices (τ3 = diag{1,−1}), and generation indices are subscripts. With the same notation (but now SU(2)
contraction between the parentheses), the S±P operators are:
OijknℓqS =
(
ℓ¯iej
)
(q¯kun) ,
Oijknqde =
(
ℓ¯iej
) (
d¯kqn
)
. (6)
See [15] for the expansion of these operators on the component fields which participate in observable interac-
tions (e.g. νL and eL rather than ℓ). A similar expansion, for the four fermion operators induced by scalar
leptoquarks, can be found in [71].
After Electroweak Symmetry Breaking, an operator constructed with electroweak doublets, for instance
O(1)ℓq of eqn (3), will induce four fermion interactions among the doublet components (see eqn (4)). The data
bound the coefficients of these four fermion interaction among chiral fields (uL, dR, eL, etc), so in our tables,
we quote bounds on the coefficients of four-fermion interactions. The best bound on the coefficient of a gauge
invariant operator will be the most restrictive limit to be found on all the four fermion interactions it induces.
We quote bounds on the coefficients of four fermion interactions, rather than those of gauge invariant
operators, to minimise the dependence on operator basis choice. To motivate this, consider the alternative
gauge invariant operator Oalt, that could be induced by a scalar leptoquark:
Oalt = (qcεℓ)(ℓ¯εqc) (7)
=
1
2
[
(uγµPLu)(e¯γµPLe) + (d¯γ
µPLu)(ν¯γµPLe) + (u¯γ
µPLd)(e¯γµPLν) + (d¯γ
µPLd)(ν¯γµPLν)
]
where ε gives the antisymmetric SU(2) contraction. Using the identity δabδcd +
∑
i[σi]ab[σi]cd = 2δadδbc for
the SU(2) contraction between q and εℓ, the operator (7) can be rewritten in terms of O(1)ℓq and O(3)ℓq.
However, since the bounds are computed by allowing the coefficient of one operator at a time to be non-zero,
the constraints on the coefficients of Oalt cannot be obtained easily from the bounds on the coefficients of
O(1)ℓq and O(3)ℓq. We therefore quote bounds on the more “physical” four fermion interactions, which allows
bounds on any choice of gauge invariant dimension 6 operators to be extracted from our tables.
We choose the factors of 2 in the normalisation of the operators such that the coefficient Cijkn/m
2
NP
replaces −4GF /
√
2 as the coupling constant in the Feynman rules. So the hermitian operators of eqn (5) are
included as
L = ...+ 1
2
3∑
i,j,k,n=1
Cijkn
m2NP
Oijkn + h.c. (8)
where the 1/2 compensates the +h.c.. The generation indices of the S ± P operators also are summed 1..3,
and there is a +h.c but no 1/2 because the operators are not hermitian.
In order to set bounds on dimensionless quantities, the coefficients of the two lepton-two quark operators
in (5) and (6) are normalized relative to the Fermi interactions:
Cijkn(n)ℓq
m2NP
= −4GF√
2
ǫijkn(n)ℓq,
Cijkneq
m2NP
= −4GF√
2
ǫijkneq , (9)
Cijkneu
m2NP
= −4GF√
2
ǫijkneu ,
Cijkned
m2NP
= −4GF√
2
ǫijkned , (10)
Cijknℓu
m2NP
=
4GF√
2
ǫijknℓu ,
Cijknℓd
m2NP
=
4GF√
2
ǫijknℓd , (11)
CijknℓqS
m2NP
= −4GF√
2
ǫijknℓqS ,
Cijknqde
m2NP
= −4GF√
2
ǫijknqde . (12)
Notice that the first two indices, ij, are always lepton indices, and the last two, kn, are always quarks.
3
3 Constraints from Rare Decays
Amultitude of precision experiments searching for rare meson decays provide stringent bounds on the generation-
changing interactions of New Physics. We use the experimental bounds compiled and averaged by the Particle
Data Group [11]. Constraints on New Physics have been obtained from this data in the papers mentioned in
the introduction, and in more recent years by [40, 41, 42, 43], including CP violation effects[44], asymmetries
in final state distributions [45], and discrepancies between the data and the SM [47, 48].
3.1 Leptonic meson decays
In the presence of New Physics, the leptonic decay rate of a charged pseudoscalar meson Mkn (for instance
π+), made of constituent quarks q¯kqn (for instance d¯u), can be written:
Γ
(
Mkn → li l¯j
)
=
kG2F
πm2M
{
(ǫijknS+P )
2P˜ 2
(
m2M −m2i −m2j
)
+
[
Vkn − ǫijknV−A
]2
A˜2
[
(m2M −m2i −m2j)(m2i +m2j) + 4m2im2j
]
+
2
[
ǫijknS+P ǫ
ijkn
V−A − VknǫijknS+P
]
A˜P˜mj
(
m2M +m
2
i −m2j
)}
. (13)
The expectation values of quark currents are taken to have their current algebra values:
A˜Pµ =
1
2
〈0|qγµγ5q|M〉 = fMP
µ
2
P˜ =
1
2
〈0|qγ5q|M〉 = fMmM
2
mM
mk +mn
.
These formulae are used for pions, kaons, D 2 and B mesons, with meson decay constants fM taken from [11],
and from [49] for the Bs (we take fB0 = fB+ = 195 MeV, and fBs = 243 MeV). P
µ is the momentum of the
meson, and k is the magnitude of the lepton 3-momentum in the center-of-mass frame:
k2 =
1
4m2M
[(
m2M − (mi +mj)2
)(
m2M − (mi −mj)2
)]
(14)
In the Standard Model, charged pseudoscalar mesons decay to light leptons via s-channel W boson ex-
change. This amplitude is suppressed by the lepton mass, due to angular momentum conservation: in the
relativistic limit, where helicity ≃ chirality, the chirality of one of the left-handed leptons must be flipped. This
suppression can be seen in the bracket multiplying A˜2 in eqn (13) , and is precisely measured in the Rπ [51]
and RK ratios
Rπ ≡ Γ(π
+ → e+ν)
Γ(π+ → µ+ν)
Rπ
∣∣∣
theory
=
m2e
m2µ
(m2π −m2e)2
(m2π −m2µ)2
(
1 + ∆
)
= (1.2354± 0.0002)× 10−4 (15)
(where ∆ are SM corrections to the given tree formula). New Physics that induces the S+P type operators of
eqn (6) does not suffer this suppression, as can be seen from the first term of eqn (13), so is tightly constrained
by the decays Mkn → lil¯j.
Bounds from a given process, on the ǫijkn coefficients of two quark two lepton interactions, are obtained
by allowing one ǫijkn at a time to be non-zero3. For instance, in the charged meson decays which occur at tree
level in the SM, we successively allow all the operators involving a neutrino. When the neutrino flavour is the
same as in the SM amplitude, these New Physics interactions can interfere with the SM, giving a contribution
to the decay rate ∝ V ǫ. For other neutrino flavours, the New Physics contributes ∝ ǫ2.
We also use eqn (13) to describe the Flavour Changing Neutral Current (FCNC) decays of neutral mesons
(such as KL → µ¯e, or B → µµ¯) induced by the effective operators of eqn (5) and (6). The SM contribution
in these decays is very small, so to use eqn (13), the term proportional to the CKM matrix element Vkn,
is set to zero. These processes give bounds on the V ± A type interactions (e¯iγµPL,Rej)(u¯kγµPL,Run) and
(e¯iγ
µPL,Rej)(d¯kγµPL,Rdn).
2We extract bounds from D+s decays, although there is a few σ discrepancy among these decays and lattice results, which has
been discussed in leptoquark models [47].
3 So the ǫV −AǫS+P interefence term, which is included to make the decay rate self-consistent, will not be used to set bounds.
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3.2 Semi-leptonic decays
Semi-leptonic decays of mesons and hadrons can occur at tree level in the SM, via charged current interactions,
and the good agreement between theory and data can be used to set bounds on New Physics in charged currents
(see e.g. [50] for flavour diagonal bounds). We will use the K+ form factors and the observed unitarity of
the CKM matrix to set bounds on charged current two quark, two lepton interactions. We start by discussing
bounds from generation changing, “neutral current” decays, which are forbidden at tree level in the SM.
3.2.1 Neutral current decays
Semileptonic meson decays can be used to set bounds on generation changing neutral current operators of the
V ± A -type, by using various isospin symmetries to relate the New Physics operator to SM-induced charged
current processes. We use the following approximations:〈
K+
∣∣ O˜ ∣∣π0〉 ≈ 1√
2
〈
K+
∣∣ O˜ ∣∣π+〉 (16)〈
D+
∣∣ u¯γµPc ∣∣π+〉 ≈ 〈D0|d¯γµPc|π−〉 with P = PL, PR (17)〈
B+
∣∣ d¯γµγ5b ∣∣π+〉 ≈ 〈B+∣∣ u¯γµγ5b ∣∣π0〉 (18)
〈B0|u¯γµγ5b|π−〉 ≈
√
2
〈
B+
∣∣ u¯γµγ5b ∣∣π0〉 (19)
where O˜ is some isospin 1/2 operator.
The constraints arise from generation changing decays of K, D or B mesons, such as K+ → π+e+i e−j
or K+ → π+νiν¯j [46]. We estimate the decay rates for such processes, induced by the New Physics V ± A
operator, as the squared ratio of the NP to SM quark matrix elements, times the measured rate for a SM
allowed process (for instance, K+ → π0e+ν). In the case of K decays, this has errors due to lepton mass
effects. For semi-leptonic B decays, the errors are more significant. For instance, we approximate
Γ(B+ → K+τ±µ∓)
Γ(B+ → D0e+ν) ≃
|ǫτµbs|2
|Vcb|2 (20)
3.2.2 K+l3 and (pseudo)scalar operators
Following [29], the decays K+e3 = K
+ → π0e+ν and K+µ3 can be used to constrain the S ± P operators
OℓqS = (ℓ¯e)(q¯u) (see eqn (6)) 4. The bound arises from the experimental limit [52, 53] on fexps /f+(0), where
fexps is the scalar decay constant of the kaon, and f+ one of the V −A decay constants, both defined as follows:
M = GFVus
{
− (ν¯liLγµljL)(f+pµ + f−qµ) + 2mK(ν¯liLljR)fexps
}
(21)
The matrix element induced by the SM and S ± P New Physics, is:
M = −GFVsu(ν¯liLγµljL)(f+pµ + f−qµ) +
1√
2
CijknℓqS
m2Lq
mKf
NP
s (ν¯l
i
Ll
j
R) (22)
with pµ = (pK + pπ)
µ and qµ = (pK − pπ)µ. This implies
fexps =
CijknℓqS
m2Lq
√
2
4GFVsu
fNPs (23)
With the current algebra identity:
fNPs =
1
2mK
m2K −m2π
ms −mu f+ +
q2
(ms −mu)2mK f− (24)
we obtain
CijknℓqS
m2Lq
√
2
4GFVsu
1
2mK
m2K −m2π
ms −mu ≤
[
fs
f+(q2 = 0)
]
exp
(25)
4 Due to the uR, these operators are not strictly constrained by the rare neutral kaon decays like KL → µ¯e.
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3.2.3 CKM Unitarity
We can obtain constraints on the coefficient ǫijkn of the charged current four fermion interaction (ν¯iγ
µPLej)
(d¯kγµPLu), from the observed unitarity of the CKM matrix V . We allow ǫ
ijkn for only one combination ijkn,
and impose that CKM remain unitary within the 2σ uncertainties[11] on its elements. So for instance, ǫνiedu
would contribute to nuclear β decay like a shift Vud → Vud + ǫνiedu. So we obtain
1− |Vud|2 − |Vus|2 = 2Vudǫνeedu + |ǫνiedu|2 ± 4Vusσus (26)
where Vus±σus = 0.2255±0.0019, and we neglect the experimental uncertainty on Vud = 0.97418±.00027. The
left hand side of this equality is ≃ 10−4, which gives the bounds quoted in the tables. Comparing τ− → π−ν
to π → µν¯ determines the ratio of the leptonic couplings to the W : gτ/gµ = 0.996 ± .005[55], which we
translate to 2ǫνττdu, |ǫνjτdu|2 < 2× .01. Unitarity of the first row of V also gives 2Vusǫνllsu, |ǫνj lsu|2 < 4Vusσus,
where j 6= l, and l = e or µ. For l = τ , bounds on ǫνjτsu can be obtained from the strange decays of τs,
which give Vus with an uncertainty [54, 11] σus = 0.0027. Similarly, unitarity of the first colomn of V , gives
2Vcdǫ
νlldc, |ǫνj ldc|2 < 4Vcdσcd, where j 6= l, and l = e or µ. Vcd can be determined from D → πlν decays
(σcd = 0.024), and is most accurately determined in νµ scattering (σcd = 0.011) [11]. The small mass difference
mD −mτ makes ǫνjτdc less easy to constrain; by comparing the upper bound[11] BR(D− → τ ν¯) < 1.2× 10−3
and BR(D− → µν¯) = 3.38 × 10−4 to eqn (15), one can require ǫνjτdc < Vcd. Finally, unitarity also implies
that contributions of ǫνj lsc should fit in the uncertainty in Vcd = 1.04± .06, which is determined from decays
with ℓ = e, µ and τ . Since the uncertainty is from the lattice QCD determination of the form factor, we use it
for all lepton generations.
It is more difficult to use unitarity to constrain the charged current interactions involving cb, and ub.
Instead, we require ǫνj lixb <∼ Vxb, for x = c and u, and all charged leptons li (since Vxb are measured in decays
to all lepton flavours).
3.3 Tau decays
Constraints on New Physics from rare tau decays, including loop processes, have been studied in [58, 19, 56].
Here we consider tree level τ decays, such as the lepton flavour violating τ → lM , where l is e or µ and M
is a meson lighter than the tau (π and K). The quark matrix elements and kinematic factors are estimated
by assuming that the decay rate was the appropriate |ǫ|2× the measured charged current SM process. For
instance, a constraint can be obtained from the experimental upper bound on τ → µπ0, by comparing it to
τ → ντπ−. This means that the mass of final state leptons is neglected, and the matrix elements are assumed
to satisfy [28]:
〈0| u¯γµγ5u
∣∣π0〉 ≈ 〈0| u¯γµγ5d |π−〉 (27)
〈0| d¯γµγ5s
∣∣K0s〉 ≈ 〈0| u¯γµγ5s |K−〉 (28)
4 Other Processes
4.1 Contact Interactions and Atomic Parity Violation
The non-observation of “contact interactions” at colliders implies bounds on flavour diagonal four fermion
operators. The constraints are quoted as lower bounds on a scale Λ (in TeV), which, in the case where two of
the fermions are electrons, is defined via the Lagrangian
L = 4π
Λ2
[
ηLL(e¯γµPLe)(ψ¯γ
µPLψ) + ηRR(e¯γµPRe)(ψ¯γ
µPRψ) + ηLR(e¯γµPLe)(ψ¯γ
µPRψ) + ηRL(e¯γµPRe)(ψ¯γ
µPLψ)
]
(29)
where the ηs are ±1 or 0, and ψ can be any of {µ, τ, u, d, s, c, b}. Bounds are quoted on the Λs with the notation
5 Λ±LL ≡ Λ for (ηLL, ηRR, ηLR, ηRL) = (±1, 0, 0, 0).
The CCFR neutrino experiment [5], which scattered mostly muon neutrinos off nuclei, sets bounds on
operators of the form (ν¯µγνµ)(q¯1γq1), for q1 a first generation quark. The most recent bounds that we found
5We here follow the notation of [6], who put the electron current before the quark in the four fermion interaction; notice that
the Tevatrom experiments invert the order, so that ΛLR from LEP is ΛRL from the Tevatron.
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on operators of the form (µ¯γµ)(q¯1γq1), are from D0 [8]. For operators of the form (e¯γe)(s¯γs) and (e¯γe)(c¯γc), we
use the bounds from LEP [6], and for first generation quark operators (e¯γe)(q¯1γq1) we follow [24] in combining
the bounds from LEP [6], the Tevatron [8] HERA [10] and Atomic Parity Violation. The LEP bounds assume
the contact interaction is simultaneously present for all the light quarks {u, d, s}. Since we wish to constrain
the four fermion interactions “one quark flavour at a time”, we divide the LEP Λs by
√
3 to obtain our bounds.
The D0 [8] and HERA [10] bounds assume the same contact interaction of the leptons with us and ds. So for up
quarks, we use the given bounds on Λ, and for dR quarks, we estimate Λ ∼ 13ΛD0,HERA, and Λ ∼ 1√3ΛD0,HERA
for dL quarks.
Atomic Parity Violation (APV) experiments[62, 61, 11] measure the weak charge of nuclei:
QW = −2
[
Ceu1 (2Z +N) + C
ed
1 (Z + 2N)
]
(30)
where Ceq1 s is the dimensionless coefficient of the chiral four fermion interaction −
√
2GF (e¯γ
µPL,Re)(q¯γ
µq), so
can be replaced by any of our ǫs. Experiments with cesium [61] agree with the SM to within ∼ 1σ, and give a
data- theory uncertainty [11] of ∆(Ceu1 + C
ed
1 ) ≃ 0.0008± 0.0013, ∆(Ceu1 − Ced1 ) ≃ 0.0015± 0.0015. Since we
wish to set bounds separately on the coefficients of four fermion interactions involving us or ds, we take the
(2σ) bound from APV to be |ǫ| < .03.
As there are several experiments which set bounds of similar magnitude on some of the first generation
contact interactions, the combined bound is more restrictive. Such a combination was performed several years
ago by Cheung[24], and despite the improvements in the data, the bounds of [24] are still the most restrictive
and are quoted in the PDB. However, we do not use them, because they apply to the coefficients of a particular
choice of gauge invariant operators (the same as eqn (5)), and in some cases, the contact interactions were
assumed to have the same strength for the first and second generations 6. Instead, for u and d quarks separately,
we combine the limits from the four experiments as
ǫcom =
1
w
∑
x
ǫx
σ2x
±
√
1
w
(31)
where ǫx ± σx is the 95% CL range allowed by an experiment, and w =
∑
x 1/σ
2
x. The central values ǫcom are
<
√
1/w ∼ .01, so they are all approximated as zero. The resulting limits are listed in the tables.
4.2 Decays of the Z
New Physics which induces two lepton two quark operators at tree level, can also mediate penguin/dipole
operators at one loop. In general, we avoid bounds from processes where the New Physics contributes in loops,
because they are more sensitive to the New Physics details. However, in this section, we estimate bounds from
the Z vertex, because these are the only constraints we could find on certain higher generation operators.
We estimate the contribution of the contact interactions to the two-fermion-Z boson operators by closing
two fermion legs, and attaching a gauge boson (see figure 1). Notice however, that this contact interaction part
may not be the full contribution; in the case of leptoquarks [13], there are two diagrams in the full theory, with
the gauge boson attached to either the leptoquark or the fermion. Only the fermion diagram is included in the
effective theory estimate we will make here. We make these estimates for the Z vertex, rather than the photon,
because closing the quark legs of the V ±A operators of eqns (5), and attaching a photon, gives no contribution
to the lepton-lepton-photon dipole. This is an artifact of our effective field theory approach and operator basis
choice, since there can be bounds [57, 58] from dipole operators (µ→ eγ, b→ sγ) on leptoquarks and Z ′s.
Four fermion operators of the form (qkγ
αPQqk)(liγαPZ lj) , where li and lj are charged leptons, can
contribute at one-loop to the decays Z → l¯ilj via the diagram of figure 1. For i = j, the effective operator
would interfere with the SM amplitude, and contribute linearly to [11]
Rlj =
Γ(Z → hadrons)
Γ(Z → lj l¯j)
=

20.804± .050 l = e
20.785± .033 l = µ
20.764± .045 l = τ
(32)
6In the case where the coefficients of the operators are flavour independent, constraints have been calculated more recently in
[60]. This analysis allows the coefficients of 21 dimension six operators to be simultaneously non-zero.
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For i 6= j, the loop amplitude squared would induce lepton flavour changing Z decays, whose branching ratios
are bounded
BR(Z → li l¯j) <

1.7× 10−6 ij = eµ
9.8× 10−6 ij = eτ
1.2× 10−5 ij = µτ
(33)
These data gives bounds of order ǫ <∼ 1, which can be interesting for higher generation quarks and/or leptons.
Z
li
l¯j
gkQ
• 2
√
2ǫijkkGF
qk
qk
Figure 1: One loop contribution to Z → lil¯k from an effective vertex 2
√
2ǫijkkGF (q¯kγ
αPQqk)(l¯iγαPZ lj). li
are charged leptons. Combined with the LEP1 Z data, such a diagram can set bounds on operators involving
two top quarks, and/or two τs, and /or charged leptons of different flavour.
If the Z coupling to fermions fj is written
L = − e
2sW cW
f jγ
ρ(gfLPL + g
f
RPR)fjZρ (34)
then the loop of figure 1 modifies the couplings gjZ by adding a contribution δg
ij
Z , where the subscript Z = L,R
is the chirality of the final state leptons. Formulae for the vacuum polarisation loop can be found, for instance,
in chapter 21 of [59]. An operator 2
√
2ǫijkkGF (q¯kγ
αPQqk)(l¯iγαPZ lj) gives
δgijZ ≃
Nc2
√
2ǫijkkGF
8π2
 g
k
Q
m2Z
3 ln
(
m2Z
m2
NP
)
massless qk
gtLm
2
t ln
(
m2t
m2
NP
)
qk = t
(35)
where Q = L,R is the chirality of the quark in the loop. For light quarks, this gives δg ∼ 6× gkQ10−3ǫ. Recall
that gL = ±1− 2s2WQem, where Qem is the electric charge of the quark, and gR = 2s2WQem. For a top quark
in the loop, the Z can always couple to the tL with gL ≃ 2/3, because in the case where tR participates in the
four fermion vertex, the chirality flip can be provided by mt without suppressing the loop.
To obtain the bounds in the tables, we require for i = j
2gjZδg
jj
Z
(gjL)
2 + (gjR)
2
< 2
δRlj
Rlj
(36)
(at “two σ”), and and for i 6= j
1
2.5GeV
√
2GFm
3
Z
6π
(δgij)2 < BR(Z → li l¯j) (37)
4.3 Neglected Constraints
The constraint arising from µ− e conversion [63] is reproduced from [15], because the experimental value [12]
has not changed. Constraints can also be obtained from other processes, such as loop contributions to g-2 [64]
and neutrino interactions [65, 66, 67]. We neglect bounds from oblique parameters [68], because these depend
on the leptoquark couplings to the Higgs, which we do not consider.
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Operator tab 2 tab 3 tab 4 tab 5 tab 6 tab 7 tab 8 tab 9 tab 10 tab 11 tab 12 tab 13
O(1)ℓq x x x x x
O(3)ℓq x x x x x x
Oeq x x x x
Oed x x
Oeu x x
Oℓu x x x
Oℓd x x x
Table 1: Operators whose coefficients are constrained by the bounds in tables 2 to 13.
5 The tables
We quote bounds on four fermion interactions of chiral fields. Bounds on the coefficients of gauge invariant
operators an be extracted by expanding the operators as a sum of four fermion interactions, then identifying
from the tables the most restrictive bound on the various four fermion interactions. In the table 1 are listed
the tables whose bounds apply to the coefficients of the gauge invariant operators of eqns 3 to 5.
Table 2 contains bounds which apply to V ± A generation-off-diagonal interactions involving charged
leptons and ups of any chirality: (l¯iγµPL,Rl
j) (u¯kγµPL,Ru
n). Table 3 is the same for interactions involving
d-type quarks: (l¯iγµPL,Rl
j)(d¯kγµPL,Rd
n). Notice that u and d can be SU(2) singlets or doublets. Table 14
gives bounds which apply to all the S ± P operators. Many of the bounds in tables 2, 3 and 14 arise from
leptonic meson decays. In tables 2, 3 and 14, all the flavour off-diagonal index combinations are listed. In the
case where the bound depends on the chirality of the operator (e.g. Z → li l¯j), the process is listed, but the
bounds are in the chirality-specific tables 4, 5, 7, 6, 8 9, 10, 11, and 12, 13.
In the tables 4, 5, 7, 6, 8 9, 10, 11 and 13, are listed all the generation diagonal coefficients ǫiikk , and other
chirality dependent bounds, again on the coefficients of four fermion interactions, rather than the coefficients
of gauge invariant operators. Tables 4 to 11 involve two charged leptons, whereas tables 12 and 13 constrain
respectively interactions containing (ν¯γν), and charged current interactions. The bounds on four fermion
interactions involving (ν¯γν) are incomplete (see, e.g. [69] for a more complete analysis), because we are
interested in dimension six contact interactions. At dimension six, any gauge invariant operator inducing
(ν¯γν)(f¯γf), where f ∈ {q, u, d} also induces charged current, or charged lepton neutral current interactions,
whose coefficients are usually more strictly constrained. So table 12 only contains a few interesting constraints.
The first colomn of each table gives the generation indices ijkn of the operator. The bounds are ordered
from first to third generation in each index, so they start with ijkn = 1111, then 1112 and so on to 3333.
The second colomn is the numerical bound on ǫijkn, defined in eqn (12), arising from the observation listed in
the third colomn. In the last colomn, we give the numerical value of the data we used; in the cases where the
bound can be expressed |ǫ|2 < BRexpt× constant, then this allows to rescale the bounds on ǫ when the data
improves.
All the four fermion interactions except those of table 13 are hermitian, so all bounds apply under si-
multaneous permutation of lepton and quark indices. In many cases, the experimental bounds apply under
permutation on one pair of indices; for instance, the bound from D+ → π+e±µ± applies to ǫeµcu and ǫµecu.
We assume that bounds on the decays D+ → X and B+ → X apply also to the CP conjuagate processes
D− → X and B− → X .
Several operators involving a top quark are unconstrained, although they would contribute to tree level
top decay (Therefore our tables are often missing the rows corresponding to top quarks.). One could hope for
a rough bound ǫ < Vtb from top data at the Tevatron. However, we did not find a Tevatron analysis of t decay
via a four-fermion operator, where the kinematics will be different from the expected t→Wb.
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(e¯iγ
µPL,Rej)
(
d¯kγµPL,Rdn
)
Constraint on ǫijkn Observable Experimental value
eeds 5.7× 10−5 BR(K0L → e¯e) 9, 0× 10−12
eedb 2.0× 10−4 BR(B+→π+e¯e)BR(B0→π−e¯νe) < 1.8×10
−7
1.34×10−4
eesb 1.8× 10−4 BR(B+→K+e¯e)BR(B+→D0e¯νe) 4.9×10
−7
2.2×10−2
eµdd 8.5× 10−7 µ− e conversion on Ti σ(µ−Ti→e−Ti)σ(µ−Ti→capture) < 4.3× 10−12
eµds 3.0× 10−7 BR(K0L → e¯µ) < 4.7× 10−12
eµdb 2.0× 10−4 BR(B+→π+e¯µ)BR(B0→π−e¯νe) < 1.7×10
−7
1.34×10−4
eµss Z → e¯µ
eµsb 8× 10−5 BR(B+→K+e¯µ)BR(B+→D0e¯νe) < 9.1×10
−8
2.2×10−2
eµbb Z → e¯µ
eτdd 8.4× 10−4 BR(τ−→π0e−)BR(τ−→π−ντ ) < 8×10
−8
10.91×10−2
eτds 4.9× 10−4 BR(τ→eK)BR(τ→ν¯K) BR < 3.3× 10−8
eτdb 4.1× 10−3 BR(B0 → e¯τ) < 1.1× 10−4
eτss Z → e¯τ
eτsb
eτbb Z → e¯τ
µµds 7.8× 10−6 BR(K0L → µ¯µ) 6.84× 10−9
µµdb 1.3× 10−4 BR(B+→π+µ¯µ)BR(B0→π−e¯νe) < 6.9×10
−8
1.3×10−4
µµsb 7.0× 10−5 Γ(Bs → µ¯µ) BR < 4.7× 10−8
µτdd 9.8× 10−4 BR(τ−→π0µ−)BR(τ−→π−ντ ) < 1.1×10
−7
10.91×10−2
µτds 5.4× 10−4 BR(τ→µK)BR(τ→ν¯K) BR < 4.0× 10−8
µτdb 2.1× 10−2 BR(B0 → µ¯τ) < 2.2× 10−5
µτss Z → µ¯τ
µτsb 2.3× 10−3 BR(B+→K+τ¯µ)BR(B+→D0 e¯ν) < 7.7×10
−5
2.2×10−2
µτbb Z → µ¯τ
ττds
ττdb 0.2 BR(B0 → τ¯ τ) < 4.1× 10−3
ττsb
Table 2: Constraints on the dimensionless coefficient ǫijkn, of the four-fermion interaction
2
√
2GF (e¯iγ
µPL,Rej)
(
d¯kγµPL,Rdn
)
. PL,R can be PL or PR. The bounds collected in this table are flavour-
changing, and apply to many of the operators; see the table 1. The generation indices ijkn are given in the first
column, and the best bound in column two. It arises from the observable of column 3, and the experimental
value we used is given in column 4. All bounds apply under permutation of the lepton and/or quark indices.
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(e¯iγ
µPL,Rej) (u¯kγµPL,Run) Constraint on ǫ
ijkn Observable Experimental value
eeuc 7.9× 10−3 BR(D+→π+e¯e)BR(D0→π− e¯νe) < 7.4×10
−6
2.83×10−3
eeut
eect
eett .092 Z → e¯e Re = 20.804± .050
eµuu 8.5× 10−7 µ− e conversion on Ti σ(µ−Ti→e−Ti)σ(µ−Ti→capture) < 4.3× 10−12
eµuc 1.7× 10−2 BR(D+→π+e¯µ)BR(D0→π− e¯νe) < 3.4×10
−5
2.83×10−3
eµut
eµcc Z → e¯µ
eµct
eµtt .1 Z → e¯µ BR < 1.7× 10−6
eτuu 8.4× 10−4 BR(τ−→π0e−)BR(τ−→π−ντ ) < 8×10
−8
10.91×10−2
eτuc
eτut
eτcc Z → e¯τ
eτct
eτtt 0.2 Z → e¯τ BR < 9.8× 10−6
µµuc 6.1× 10−3 BR(D+→π+µ¯µ)BR(D0→π− e¯νe) < 3.9×10
−6
2.83×10−3
µµut
µµct
µµtt .061 Z → µ¯µ Rµ = 20.785± .033
µτuu 9.8× 10−4 BR(τ−→π0µ−)BR(τ−→π−ντ ) < 1.1×10
−7
10.91×10−2
µτuc
µτut
µτcc Z → τµ¯
µτct
µτtt 1 Z → τµ¯ BR < 12× 10−6
ττuc
ττut
ττct
ττtt .086 Z → τ¯ τ Rτ = 20.764± .045
Table 3: Flavour-changing constraints on the dimensionless coefficient ǫijkn, of the four-fermion interaction
2
√
2GF (e¯iγ
µPL,Rej) (u¯kγµPL,Run). PL,R can be PL or PR. The bounds collected in this table apply to many
of the operators; see the table 1. The generation indices ijkn are given in the first column, and the best bound
in column two. It arises from the observable of column 3, and the experimental value we used is given in
column 4. All bounds apply under permutation of lepton and quark indices.
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(e¯iγ
µPLej) (u¯kγµPLun) Constraint on ǫ
ijkn
(n)ℓq Observable Experimental value
eeuu > 1× 10−2 Λ±eeuu;LL see sec 4.1
eecc < 1× 10−2 Λ±eecc;LL > 4.4, 5.6 TeV
eett 0.092 Z → ee¯ Re = 20.804± .050
eµcc .6 Z → e¯µ BR < 1.7× 10−6
eτcc 1.4 Z → µ¯τ BR < 9.8× 10−6
µµuu > −2.0× 10−2 Λ+µµqq;LL > 2.9 TeV
< 7.8× 10−3 Λ−µµqq;LL > 4.2 TeV
µµcc 0.4 Z → µµ¯ Rµ < 20.785± .033
µµtt 0.061 Z → µµ¯ Rµ < 20.785± .033
µτcc 1.6 Z → µ¯τ BR < 12× 10−6
ττuu 0.54 Z → τ τ¯ Rτ < 20.765± .045
ττcc 0.54 Z → τ τ¯ Rτ < 20.765± .045
ττtt 0.086 Z → τ τ¯ Rτ < 20.765± .045
Table 4: Flavour diagonal constraints on the dimensionless coefficient ǫijkn, of the four-fermion interaction
2
√
2GF (e¯iγ
µPLej) (u¯kγµPLun). The indices ijkn are given in the left colomn, the best calculated constraints
are in column 2, arising the observable of column 3, with the experimental value in column 4. All bounds apply
under permutation of lepton and/or quark indices.
(e¯iγ
µPRej) (u¯kγµPRun) Constraint on ǫ
ijkn
eu Observable Experimental value
eeuu 1× 10−2 Λ±eeuu;RR see sec 4.1
eecc > −9× 10−2 Λ+eecc;RR > 1.5 TeV
< 1.8× 10−2 Λ−eecc;RR > 3.8 TeV
eett 0.092 Z → ee¯ Re < 20.804± .050
eµcc 1.2 Z → e¯µ BR < 1.7× 10−6
eτcc 2.8 Z → e¯τ BR < 9.8× 10−6
µµuu > −2.2× 10−2 Λ+µµuu;RR > 4.2 TeV
< 8.5× 10−3 Λ−µµuu;RR > 6.7 TeV
µµcc 0.79 Z → µµ¯ Rµ < 20.785± .033
µµtt 0.061 Z → µµ¯ Rµ < 20.785± .033
µτcc 3 Z → µ¯τ BR < 12× 10−6
ττuu 1.1 Z → τ τ¯ Rτ = 20.764± .045
ττcc 1.1 Z → τ τ¯ Rτ = 20.764± .045
ττtt 0.086 Z → τ τ¯ Rτ = 20.764± .045
Table 5: Flavour diagonal constraints on the dimensionless coefficient ǫijkneu , of the four-fermion interaction
2
√
2GF (e¯iγ
µPRej) (u¯kγµPRun). The indices ijkn are given in the left colomn, the best calculated constraints
are in column 2, arising the observable of column 3, with the experimental value in column 4. All bounds apply
under permutation of lepton and/or quark indices.
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(e¯iγ
µPRej) (u¯kγµPLun) Constraint on ǫ
ijkn
eq Observable Experimental value
eeuu 1.2× 10−2 Λ±eeuu;LR see sec 4.1
eecc 4.2× 10−2 Λ±eecc;LR >∼ 3 TeV
eett 0.092 Z → ee¯ Rτ < 20± .08
eµcc 0.6 Z → e¯µ BR < 1.7× 10−6
eτcc 1.4 Z → e¯τ BR < 9.8× 10−6
µµuu < 1.5× 10−2 Λ±µµuu;RL >∼ 5.2 TeV
µµcc 0.40 Z → µµ¯ Rµ < 20.785± .033
µµtt 0.061 Z → µµ¯ Rµ < 20.785± .033
µτcc 1.6 Z → µ¯τ BR < 12× 10−6
ττuu 0.54 Z → τ τ¯ Rτ = 20.764± .045
ττcc 0.54 Z → τ τ¯ Rτ = 20.764± .045
ττtt 0.086 Z → τ τ¯ Rτ = 20.764± .045
Table 6: Flavour diagonal constraints on the dimensionless coefficient ǫijkn, of the four-fermion interaction
2
√
2GF (e¯iγ
µPRej) (u¯kγµPLun). The indices ijkn are given in the left colomn, the best calculated constraints
are in column 2, arising the observable of column 3, with the experimental value in column 4. All bounds apply
under permutation of lepton and/or quark indices.
(e¯iγ
µPLej) (u¯kγµPRun) Constraint on ǫ
ijkn
ℓu Observable Experimental value
eeuu 1.4× 10−2 Λ±eeuu;LR see sec 4.1
eecc > −8.6× 10−2 Λ+eecc;LR > 2.1 TeV
< 2.6× 10−2 Λ−eecc;LR > 3.4 TeV
eett 0.092 Z → ee¯ Re < 20.804± .050
eµcc 2.4 Z → e¯µ BR < 1.7× 10−6
eτcc 2.8 Z → e¯τ BR < 9.8× 10−6
µµuu 1.4× 10−2 Λ±µµuu;LR > 5.2 TeV
µµcc 0.79 Z → µµ¯ Rµ < 20.785± .033
µµtt 0.061 Z → µµ¯ Rµ < 20.785± .033
µτcc 3 Z → µ¯τ BR < 12× 10−6
ττuu 1.1 Z → τ τ¯ Rτ = 20.764± .045
ττcc 1.1 Z → τ τ¯ Rτ < 20.764± .045
ττtt 0.086 Z → τ τ¯ Rτ = 20.764± .045
Table 7: Flavour diagonal constraints on the dimensionless coefficient ǫijkn, of the four-fermion interaction
2
√
2GF (e¯iγ
µPLej) (u¯kγµPRun). The indices ijkn are given in the left colomn, the best calculated constraints
are in column 2, arising the observable of column 3, with the experimental value in column 4. All bounds apply
under permutation of lepton and/or quark indices.
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(e¯iγ
µPLej)
(
d¯kγµPLdn
)
Constraint on ǫijkn(n)ℓq Observable Experimental value
eedd 1.3× 10−2 Λ±eedd;LL see sec 4.1
eess 1.5× 10−2 Λ±eeqq;LL > 9.7, 8.0 TeV
see sec 4.1
eebb > −4.3× 10−3 Λ+eebb;LL > 9.4 TeV
< 1.5× 10−2 Λ−eebb;LL > 4.9 TeV
eµss .5 Z → e¯µ BR < 1.7× 10−6
eµbb .5 Z → e¯µ BR < 1.7× 10−6
eτss 1 Z → e¯τ BR < 9.8× 10−6
eτbb 1 Z → e¯τ BR < 9.8× 10−6
µµdd > −6.4× 10−2 Λ+µµdd;LL > 4.2 TeV
< 2.3× 10−2 Λ−µµdd;LL > 7.0 TeV
µµss 0.32 Z → µµ¯ Rµ < 20.785± .033
µµbb 0.32 Z → µµ¯ Rµ < 20.785± .033
µτss 1 Z → µ¯τ BR < 12× 10−6
µτbb 1 Z → µ¯τ BR < 12× 10−6
ττdd .43 Z → τ τ¯ Rτ = 20.764± .045
ττss .43 Z → τ τ¯ Rτ = 20.764± .045
ττbb .43 Z → τ τ¯ Rτ = 20.764± .045
Table 8: Flavour diagonal constraints on the dimensionless coefficient ǫijkn, of the four-fermion interaction
2
√
2GF (e¯iγ
µPLej)
(
d¯kγµPLdn
)
. The indices ijkn are given in the left colomn, the best calculated constraints
are in column 2, arising the observable of column 3, with the experimental value in column 4. All bounds apply
under permutation of lepton and/or quark indices.
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(e¯iγ
µPRej)
(
d¯kγµPRdn
)
Constraint on ǫijkned Observable Experimental value
eedd 2.2× 10−2 Λ±eedd;RR see sec 4.1
eess > −2.0× 10−2 Λ+eeqq;RR 7.6 TeV
eess < 3.7× 10−2 Λ−eeqq;RR 5.6 TeV
eebb > −1.5× 10−2 Λ+eebb;RR 4.9 TeV
5.6× 10−2 Λ−eebb;RR 2.6 TeV
eµss 2.4 Z → e¯µ BR < 1.7× 10−6
eµbb 2.4 Z → e¯µ BR < 1.7× 10−6
eτss 6 Z → e¯τ BR < 9.8× 10−6
eτbb 6 Z → e¯τ BR < 9.8× 10−6
µµdd > −1.7× 10−1 Λ+µµdd;RR 4.2 TeV
< 6.7× 10−2 Λ−µµdd;RR 6.7 TeV
µµss 1.6 Z → µµ¯ Rµ < 20.785± .033
µµbb 1.6 Z → µµ¯ Rµ < 20.785± .033
µτss 6 Z → µ¯τ BR < 12× 10−6
µτbb 6 Z → µ¯τ BR < 12× 10−6
ττdd 2.2 Z → τ τ¯ Rτ = 20.764± .045
ττss 2.2 Z → τ τ¯ Rτ = 20.764± .045
ττbb 2.2 Z → τ τ¯ Rτ = 20.764± .045
Table 9: Flavour diagonal constraints on on the dimensionless coefficient ǫijkned , of the four-fermion interaction
2
√
2GF (e¯iγ
µPLej)
(
d¯kγµPLdn
)
. The indices ijkn are given in the left colomn, the best calculated constraints
are in column 2, arising the observable of column 3, with the experimental value in column 4. All bounds apply
under permutation of lepton and/or quark indices.
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(e¯iγ
µPLej)
(
d¯kγµPRdn
)
Constraint on ǫijknℓd Observable Experimental value
eedd 2.7× 10−2 Λ±eedd;LR see sec 4.1
eess > −6.8× 10−2 Λ+eeqq;LR 4.1 TeV
< 4.3× 10−2 Λ−eeqq;LR 5.2 TeV
eebb > −2.5× 10−2 Λ+eebb;LR 3.9 TeV
< 5.0× 10−2 Λ−eebb;LR 2.8 TeV
eµss 2.4 Z → e¯µ BR < 1.7× 10−6
eµbb 2.4 Z → e¯µ BR < 1.7× 10−6
eτss 6 Z → e¯τ BR < 9.8× 10−6
eτbb 6 Z → e¯τ BR < 9.8× 10−6
µµdd 1.2× 10−1 Λ±µµdd;LR 5.2 TeV
µµss 1.6 Z → µµ¯ Rµ < 20.785± .033
µµbb 1.6 Z → µµ¯ Rµ < 20.785± .033
µτss 6 Z → µ¯τ BR < 12× 10−6
µτbb 6 Z → µ¯τ BR < 12× 10−6
ττdd 2.2 Z → τ τ¯ Rτ = 20.764± .045
ττss 2.2 Z → τ τ¯ Rτ = 20.764± .045
ττbb 2.2 Z → τ τ¯ Rτ = 20.764± .045
Table 10: Flavour diagonal constraints on the dimensionless coefficient ǫijkn, of the four-fermion interaction
2
√
2GF (e¯iγ
µPLej)
(
d¯kγµPRdn
)
. The indices ijkn are given in the left colomn, the best calculated constraints
are in column 2, arising the observable of column 3, with the experimental value in column 4. All bounds apply
under lepton and/or quark index permutation.
(e¯iγ
µPRej)
(
d¯kγµPLdn
)
Constraint on ǫijkneq Observable Experimental value
eedd 2.2× 10−2 Λ±eedd;RL see sec 4.1
eess > −8.0× 10−2 Λ+eeqq;RL 3.8 TeV
< 3.2× 10−2 Λ−eeqq;RL 6.0 TeV
eebb > −6.6× 10−2 Λ+eebb;RL 2.4 TeV
< 1.8× 10−2 Λ−eebb;RL 4.6 TeV
eµss 0.5 Z → e¯µ BR < 1.7× 10−6
eµbb 0.5 Z → e¯µ BR < 1.7× 10−6
eτss 1 Z → e¯τ BR < 9.8× 10−6
eτbb 1 Z → e¯τ BR < 9.8× 10−6
µµdd 1.2× 10−1 Λ±µµdd;LR 5.2 TeV
µµss 0.32 Z → µµ¯ Rµ < 20.785± .033
µµbb 0.32 Z → µµ¯ Rµ < 20.785± .033
µτss 1 Z → µ¯τ BR < 12× 10−6
µτbb 1.8 Z → µ¯τ BR < 12× 10−6
ττdd 0.43 Z → τ τ¯ Rτ = 20.764± .045
ττss 0.43 Z → τ τ¯ Rτ = 20.764± .045
ττbb 0.43 Z → τ τ¯ Rτ = 20.764± .045
Table 11: Flavour diagonal constraints on the dimensionless coefficient ǫijkn, of the four-fermion interaction
2
√
2GF (e¯iγ
µPRej)
(
d¯kγµPLdn
)
. The indices ijkn are given in the left colomn, the best calculated constraints
are in column 2, arising the observable of column 3, with the experimental value in column 4. All bounds apply
under lepton and/or quark index permutation.
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(ν¯iγ
µPLνj) (q¯kγµPLqn) Constraint on ǫ
ijkn Observable Experimental value
νµνµq1q1 7.3× 10−3 Λ−ννqq;LL > 5.1 TeV
νiνjds 9.4× 10−6 BR(K
+→π+ν¯ν)
BR(K+→π0 e¯νe)
1.5×10−10
5.08×10−2
νiνjbd 4.9× 10−2 BR(B
+→π+ν¯ν)
BR(B0→π+e¯νe) <
1.0×10−4
1.34×10−4
νiνjbs 1.0× 10−3 BR(B
+→K+ν¯ν)
BR(B+→D0 e¯νe) <
1.4×10−5
2.2×10−2
Table 12: Some constraints on the dimensionless coefficient ǫijkn, of the four-fermion interaction
2
√
2GF (ν¯iγ
µPLνj) (q¯kγµPL,Rqn). The indices ijkn are given in the left colomn, where is is specified whether q
can be a u-type or d-type quark. q1 is a u or d. See [69] for a more complete list of constraints; here are listed
only those which can give more restrictive constraints than charged lepton interactions on the coefficients of
gauge-invariant dimension six operators.
(ν¯iγ
µPLej)
(
d¯kγµPLun
)
Constraint on ǫijkn Observable Experimental value
νeedu 1.0× 10−3 unitarity δVus = .0019
νiedu 4.5× 10−2 unitarity δVus = .0019
νeedc 4.8× 10−2 unitarity δVcd = .024
νiedc 1.5× 10−1 unitarity δVcd = .024
νeesu 4.0× 10−3 unitarity δVus = .0019
νiesu 3.0× 10−2 unitarity δVus = .0019
νeesc 1.2× 10−1 unitarity δVcs = .06
νiesc 2.4× 10−1 unitarity δVcs = .06
νiebu 3.9× 10−3 <∼ Vub < 3.93× 10−3
νiebc 4.1× 10−2 <∼ Vcb < 4.12× 10−2
νµµdu 4.0× 10−3 Rπ (1.230± 0.004)× 10−4
νiµdu 9.0× 10−2 Rπ (1.230± 0.004)× 10−4
νµµdc 2.2× 10−2 unitarity δVcd = .011
νiµdc 1.0× 10−1 unitarity δVcd = .011
νµµsu 4.0× 10−3 unitarity δVus = .002
νiµsu 3.0× 10−2 unitarity δVus = .002
νµµsc 1.2× 10−1 unitarity δVcs = .06
νiµsc 2.4× 10−1 unitarity δVcs = .06
νiµbu 3.9× 10−3 <∼ Vub < 3.93× 10−3
νiµbc 4.1× 10−2 <∼ Vcb < 4.12× 10−2
ντ τdu 1.0× 10−2 gτ/gµ[55] 0.996± .005
νiτdu 2.0× 10−1 gτ/gµ[55] 0.996± .005
νiτdc 1.5× 10−1 <∼ Vcd Vcd = 0.23
ντ τsu 6.0× 10−3 unitarity δVus = .0027
νiτsu 7.7× 10−2 unitarity δVus = .0027
νττsc 1.2× 10−1 unitarity δVcs = .06
νiτsc 2.4× 10−1 unitarity δVcs = .06
νiτbu 3.9× 10−3 <∼ Vub < 3.93× 10−3
νiτbc 4.1× 10−2 <∼ Vcb < 4.12× 10−2
Table 13: Constraints on the dimensionless coefficient ǫijkn, of the four-fermion interaction
2
√
2GF (ν¯iγ
µPLej)
(
d¯kγµPL,Run
)
. The indices ijkn are given in the left colomn, the best calculated con-
straints are in column 2, arising the observable of column 3, with the experimental value in column 4.
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(ν¯iej)
(
d¯kun
)
Constraint on ǫijkn Observable Experimental value
νeedu 6.3× 10−7 Rπ (1.230± 0.004)× 10−4
νiedu 1.6× 10−5 Rπ (1.230± 0.004)× 10−4
νiedc 1.4× 10−3 Γ(D+ → e¯νi) < 8.8× 10−6
νeesu 2.3× 10−6 BR(K+ → e¯νe) (1.55± 0.07)× 10−5
νiesu 1.5× 10−5 BR(K+ → e¯νi) (1.55± 0.07)× 10−5
νiesc 4.9× 10−3 BR(D+s → e¯νi) < 1.3× 10−4
νiebu 1.8× 10−4 BR(B+ → e¯ν) < 5.2× 10−6
νiebc
νeµsu 9.7× 10−4 BR(K+ → µ¯νe) < 4.0× 10−3
νµµdu 1.3× 10−4 Rπ (1.230± 0.004)× 10−4
νiµdu 3.2× 10−3 Rπ (1.230± 0.004)× 10−4
νµµdc 7.6× 10−4 BR(D+ → µ¯ν) (3.82± 0.33)× 10−4
νiµdc 3.7× 10−3 BR(D+ → µ¯ν) (3.82± 0.33)× 10−4
νµµsu 2.4× 10−4 fsf+(0) for K
+
µ3 0.2× 10−2
νiµsu 3.0× 10−3 RK (2.44± 0.11)× 10−5
νµµsc 4.3× 10−3 BR(D
+
s →τ¯ ντ )
BR(D+s →µ¯νµ)
(11.0± 1.4± 0.6)
νiµsc 1.7× 10−2 BR(D
+
s →τ¯ν)
BR(D+s →µ¯ν)
(11.0± 1.4± 0.6)
νiµbu 1.0× 10−4 BR(B+ → µ¯ν) < 1.7× 10−6
νiµbc
ντ τdu 4.5× 10−3 BR(τ → π+ν) (10.91± 0.07)× 10−2
νiτdu 8.0× 10−2 BR(τ → π+ν) (10.91± 0.07)× 10−2
νiτdc 1.5× 10−1 BR(D+ → τ¯ ν) < 1.2× 10−3
νττsu 2.3× 10−2 BR(τ → K+ν) (6.96± 0.23)× 10−3
νiτsu 2.2× 10−1 BR(τ → K+ν) (6.96± 0.23)× 10−3
ντ τsc 7.2× 10−2 BR(D
+
s →τ¯ ντ )
BR(D+s →µ¯νµ)
(11.0± 1.4± 0.6)
νiτsc 2.9× 10−1 BR(D
+
s →τ¯ν)
BR(D+s →µ¯ν)
(11.0± 1.4± 0.6)
νiτbu 8.2× 10−4 BR(B+ → τ¯ ντ ) (1.4± 0.4)× 10−4
ντ τbu 3.1× 10−4 BR(B+ → τ¯ ντ ) (1.4± 0.4)× 10−4
νiτbc
Table 14: Constraints from “charged current” processes on S ± A operators. These apply to ǫijknℓqS and ǫijknqde .
The first colomn is the index combination ijkn, the second is the constraints, which arise from the observable
given in column 3. The experimental value used is the last colomn. νi is any flavour of neutrino.
(
ℓ¯iej
)
(q¯kun) Constraint on ǫ
ijkn
ℓqS Observable Experimental value
eeuc 7.6× 10−4 BR(D0 → e¯e) < 1.2× 10−6
µeuc 6.3× 10−4 BR(D0 → µ¯e) < 8.1× 10−7
µµuc 7.9× 10−4 BR(D0 → µ¯µ) < 1.3× 10−6
Table 15: Constraints on ǫijknℓqS for the ijkn index combination given in the first column. The bounds given in
table 14 also apply. The second colomn is the constraint, which arises from the observable given in column 3.
The experimental value used is the last colomn. These bounds are also valid under lepton and/or quark index
permutation.
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(
ℓ¯iej
) (
d¯kqn
)
Constraint on ǫijknqde Observable Experimental value
eeds 2.1× 10−8 BR(K0L → e¯e) 9.0× 10−12
eedb 3.2× 10−5 BR(B0 → e¯e) < 1.13× 10−7
eesb 5.6× 10−4 BR(B0s → e¯e) < 5.4× 10−5
µeds 9.0× 10−9 BR(K0L → µ¯e) < 4.7× 10−12
eµbd 2.9× 10−5 BR(B0 → e¯µ) < 9.2× 10−8
eµbs 1.9× 10−4 BR(B0s → e¯µ) < 6.1× 10−6
eτds
eτdb 1.1× 10−3 BR(B0 → e¯τ) < 1.1× 10−4
eτsb
µµds 5.9× 10−7 BR(K0L → µ¯µ) 6.84× 10−9
µµdb 1.2× 10−5 BR(B0 → µ¯µ) < 1.5× 10−8
µµbs 1.7× 10−5 BR(B0s → µ¯µ) < 4.7× 10−8
µτbd 6.6× 10−4 BR(B0 → µ¯τ) < 3.8× 10−5
µτds
µτsb
ττds
ττdb 8.0× 10−3 BR(B0 → τ¯ τ) < 4.1× 10−3
ττsb
Table 16: Constraints on ǫijknqde for the ijkn index combination given in the first column. The bounds given in
table 14 also apply. The second colomn is the constraint, which arises from the observable given in column 3.
The experimental value used is the last colomn. These bounds are also valid under lepton and/or quark index
permutation.
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6 Expectations for flavour structure
In this section, we aim to make “motivated” guesses for the flavour structure of the two-quark, two lepton
operator coefficients. We prefer not to use the predictions of Minimal Flavour Violation (MFV) [1, 2] for two
reasons: from a phenomenological perspective, there is not a unique extension to the lepton sector [70], and in
a more model-dependent approach, defining MFV for New Physics such as leptoquarks is even more ambiguous
[71].
Instead, we consider an alternative to MFV, which provides almost enough suppression of Flavour Chang-
ing Neutral Currents (FCNC) in the quark sector. Following Cheng and Sher[38], we assume NP couplings have
a flavour hierarchy patterned on the Yukawa couplings : ǫijkn ∼ √yiyjykyn where yi is the Yukawa couplings
of fermion i. This can arise in models with extra dimensions[72], or can be described in 4 dimensions by inverse
hierachies of the Z coefficients of the fermion kinetic terms (the hierarchy being imprinted on all interactions
when the kinetic terms are canonically normalised [73]).
The Yukawa couplings of u, c, t are yu,c,t =
gmu,c,t
2mW
, and for charged lepton and d-type quarks, a factor of
tanβ is included:
yd,s,b = tanβ
gmd,s,b
2mW
.
We include the rescaling parameter tanβ to allow for the possibility that the underlying theory of flavour
physics gives hierarchies of flavoured couplings. In this perspective, the largest eigenvalue of all matrices of
flavoured couplings might be ∼ 1, with the magnitude of dimensionful parameters like masses controlled by
some other physics (such as Higgs vevs).
To obtain a flavour structure for the coefficients of two-lepton two quark operators, we assume that the
scale of new physics is
1
m2NP
≃ 4GF√
2
and that the coefficient of an operator containing ui (or di, ei), will contain a factor
√
yui (or
√
ydi,
√
yei).
For the doublets, we assume that qi comes with a factor
√
yui (because its larger), and ℓi with a factor
√
yei
(because we do not consider neutrino masses). This suggests a hierarchy of order
ǫijkn(1)ℓq, ǫ
ijkn
(3)ℓq, ǫ
ijkn
eu , ǫ
ijkn
ℓu , ǫ
ijkn
ℓqS ∼
√
yiey
j
eykuy
n
u (38)
ǫijkned , ǫ
ijkn
ℓd , ǫ
ijkn
qde ∼ ykdynd
√
yiey
j
e
ykuy
n
u
−→
√
yiey
j
eykdy
n
d (39)
for the coefficients of the operators listed in equations (3) to (6). Since mb < mt, ms < mc and md ∼ 2mu, we
replace (ykdy
n
d )
2/ykuy
n
u → ykdynd in eqn (39), and use the estimate to the right of the arrow. The experimental
contraints are weaker than our guesses, even with this optimistic approximation.
In tables 17 and table 18, we respectively list, in the first colomn, all the flavour index combinations
eiejukun and eiejdkdn. Then in the following colomns we give the best bound we obtained for any chiral
structure, the expected value of ǫijkn for tanβ = 1, and the observable from which the bound is obtained. The
bounds which arise from charged current processes are specifically labelled, because it is less clear whether the
“expectation” would be ∝
√
yiey
j
eykdy
n
d or ∝
√
yiey
j
eykuy
n
u .
The tables show that in most cases, for tanβ = 1, our naive expectations are far below the experimental
sensitivity of the processes we have considered. (Recall, however, that we neglected most loop processes. There
would be additional constraints, for instance from meson-anti-meson mixing recently studied by [44], on any
new particles inducing our operators.) In boldface, we draw attention to some kaon observables, where the
current bounds are close to our guesses. This suggests that more sensitive rare Kaon experiments could be a
good place to look for two lepton, two quark operators.
7 Conclusion
We have compiled flavour dependent bounds on effective interactions between two leptons and two quarks,
which could be induced by SU(3)×SU(2)×U(1) invariant dimension six operators. The constraints are listed
in tables 2-16, with the rows labelled by the fermion generations. The bounds are set assuming that only
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ijkn Constraint on ǫijkn Expectation Observable
eeuu 1× 10−2 5× 10−11 Λ±eeuu;LL
νeeud 6× 10−7 Rπ
eeuc 8× 10−4 1× 10−9 BR(D0 → e¯e)
νeeus 2.3× 10−6 BR(K+ → e¯νe)
νieub 1.8× 10−4 BR(B+ → e¯ν)
eecc 1× 10−2 2× 10−8 Λ+eecc;LL
eect 2× 10−7
eett 9× 10−2 3× 10−6 Z → e¯e
eµuu 8.5× 10−7 6× 10−10 µ− e conversion
eµuc 6× 10−4 1× 10−8 D0 → µ¯e
νeµub 1.0× 10−4 2× 10−7 BR(B+ → µ¯ν)
eµcc 0.6 3× 10−7 Z → µ¯e
eµct 3× 10−6
eµtt .1 4× 10−5 Z → µ¯e
eτuu 8× 10−4 3× 10−9 BR(τ−→π0e−)BR(τ−→π−ντ )
eντud 1.6× 10−5 Rπ
eτuc 6× 10−8
eτut 8× 10−7
νiebu 1.8× 10−4 BR(B+ → e¯ν)
eτcc 2 2× 10−6 Z → µ¯e
eτct 2× 10−5
eτtt 0.2 2× 10−4 Z → µ¯e
µµuu 1× 10−2 9× 10−9 Λ−µµuu;RR
νµµdu 1.3× 10−4 Rπ
µµuc 8× 10−4 2× 10−7 BR(D0 → µµ¯)
νµµsu 2.4× 10−4 fsf+(0) for K
+
µ3
µµut 2× 10−6
µµcc 1 4× 10−6 Z → µ¯µ
νµµsc 4.3× 10−3 BR(D
+
s →τ¯ντ )
BR(D+s →µ¯νµ)
µµct 5× 10−5
µµtt 0.07 6× 10−4 Z → µ¯µ
µτuu 9.8× 10−4 3× 10−8 BR(τ−→π0e−)BR(τ−→π−ντ )
µτuc 6× 10−7
νiµsu 3.0× 10−3 RK
µτut 8× 10−6
νiµbu 1.0× 10−4 BR(B+ → µ¯ν)
µτcc 2 2× 10−5 Z → τ¯µ
µτct 2× 10−4
µτtt 0.07 2× 10−3 Z → τ¯µ
ττuu 0.5 2× 10−7 Z → τ¯ τ
ττuc 3× 10−6
ττut 4× 10−5
ττcc 0.5 7× 10−5 Z → τ¯ τ
ττct 8× 10−4
ττtt 0.09 1× 10−2 Z → τ¯ τ
Table 17: This table indicates the proximity of current experimental bounds to the hierarchical expectation:
ǫijkn ≃
√
yiey
j
eykuy
n
u . The first colomn gives all the flavour index combinations eiejukun. The second colomn is
the best bound we obtained for any chiral structure, the third colomn is the expected value of ǫijkn, and the
last is the observable from which the bound is obtained. Notice that ǫ ∝ tanβ, so it is straightforward to see
which observables become interesting as tanβ increases.
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ijkn Constraint on ǫijkn Expectation Observable
eedd 1.0× 10−2 9× 10−11 Λ±eedd;LL
eeds 5.7× 10−5 3× 10−10 BR(K0L → e¯e)
νeνeds 9.4× 10−6 BR(K
+→π+ν¯ν)
BR(K+→π0 e¯νe)
eedb 2.0× 10−4 3× 10−9 BR(B+→π+e¯e)BR(B0→π− e¯νe)
eess 1.5× 10−2 2× 10−9 Λ±eess:LL
eesb 1.8× 10−4 1× 10−8 BR(B+→K+e¯e)BR(B0→D0 e¯νe)
eebb 1.5× 10−2 8× 10−8 Λ−eebb;LL
eµdd 8.5× 10−7 1× 10−9 µ− e conversion
eµds 9.0× 10−9 4× 10−9 BR(K0L → µ¯e)
eµdb 2.9× 10−5 4× 10−8 BR(B0 → µ¯e)
eµss 0.5 2× 10−8 Z → e¯µ
eµsb 8× 10−5 2× 10−7 BR(B+→K+µ¯e)BR(B0→D0 e¯νe)
eµbb 3 1× 10−6 Z → e¯µ
eτdd 8.4× 10−4 6× 10−9 BR(τ−→π0e−)BR(τ−→π−ντ )
eτds 4.9× 10−4 2× 10−8 BR(τ−→K0e−)BR(τ−→K−ντ )
νeντds 9.4× 10−6 BR(K
+→π+ν¯ν)
BR(K+→π0 e¯νe)
eτdb 1.1× 10−3 2× 10−7 BR(B0 → τ e¯)
eτss 1 1× 10−7 Z → e¯τ
eτsb 8× 10−7
νeντsb 1.0× 10−3 BR(B
+→K+ν¯ν)
BR(B+→D0 e¯νe)
eτbb 1 5× 10−6 Z → e¯τ
µµdd 3.2× 10−3 2× 10−8 Rπ
4.3× 10−2 Λ+µµdd;RR
µµds 5.9× 10−7 6× 10−8 BR(K0L → µ¯µ)
µµdb 1.2× 10−5 6× 10−7 BR(B0 → µ¯µ)
µµss 0.8 4× 10−7 Z → µ¯µ
3.0× 10−2 BR(D+s →µ¯νµ)
BR(D+s →τ¯ντ )
µµsb 1.7× 10−5 2× 10−6 BR(B0s → µ¯µ)
µµbb 0.8 2× 10−5 Z → µ¯µ
µτdd 9.8× 10−4 6× 10−8 BR(τ−→π0µ−)BR(τ−→π−ντ )
µτds 5.4× 10−4 2× 10−7 BR(τ→µK)BR(τ→ν¯K)
νµντds 9.4× 10−6 BR(K
+→π+ν¯ν)
BR(K+→π0 e¯νe)
µτdb 6.6× 10−4 2× 10−6 BR(B0 → µ¯τ)
µτss 1 1× 10−6 Z → τµ¯
µτsb 4× 10−3 8× 10−6 BR(B+→K+τ¯µ)BR(B+→D0τ¯ ν)
νµντsb 1.0× 10−3 BR(B
+→K+ν¯ν)
BR(B+→D0 e¯νe)
µτbb 1 5× 10−5 Z → τµ¯
ττdd 0.8 3× 10−7 Z → τ¯ τ
ττds 1× 10−5
ντντds 9.4× 10−6 BR(K
+→π+ν¯ν)
BR(K+→π0 e¯νe)
ττdb 0.2 1× 10−5 BR(B0 → τ¯ τ)
ττss 0.8 6× 10−6 Z → τ¯ τ
ττsb 4× 10−5
ντντsb 1.0× 10−3 BR(B
+→K+ν¯ν)
BR(B+→D0 e¯νe)
ττbb 0.8 3× 10−4 Z → τ¯ τ
Table 18: This table indicates the proximity of current experimental bounds to the hierarchical “expectation”
: ǫijkn ≃
√
yiey
j
eykdy
n
d The first colomn gives all the flavour index combinations eiejdkdn. The following colomns
are the best bound we obtained for any chiral structure, the expected value of ǫijkn for tanβ = 1, and the
observable from which the bound is obtained. In boldface are observables that are flavour combinations where
the bound and the expectation are close. Notice that ǫ ∝ tan2 β, so it is straightforward to see which observables
become interesting as tanβ increases.
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one interaction is present at a time (so we neglect possible cancellations). For each possible combination of
external leg flavours, the strongest bound is listed. Constraints were obtained from rare meson decays (leptonic
or semi-leptonic), semi-leptonic tau decays, contact interactions at colliders, Z decay data from LEP1, and
µ− e conversion.
We also discussed, in section 6, a naive “guess” for the expected flavour structure of the operator coeffi-
cients. The expectations are always below the current experimental bounds (for tanβ = 1), as can be seen in
tables 17 and 18. Some rare Kaon decay bounds are close to these “expectations”.
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